Glenohumeral osteoarthritis is the most common reason for shoulder replacement. Total shoulder arthroplasty provides reliable pain relief and restoration of function, with implant survivorship reported at 85% at 15 years. Glenoid component wear and aseptic loosening are among the most common reasons for revision. Glenoid wear characteristics have been correlated with, among other things, the degree of anatomic glenoid version correction. Anatomic glenoid reconstruction is particularly challenging in the presence of glenoid bone deficiency. Walch classified glenoid morphology into five types: type A, centered, without posterior subluxation but with minor erosion (A1) or major erosion (A2); type B, posteriorly subluxated (B1) or posteriorly subluxated with posterior glenoid erosion (B2); and type C, excessive glenoid retroversion. The type A glenoid represents only 59% of patients; thus, the need to address glenoid deformity is common. Methods of correction include asymmetric reaming of the anterior glenoid, bone grafting of the posterior glenoid, and implanting a specialized glenoid component with posterior augmentation. In many cases of type C or hypoplastic glenoid, the humerus is concentrically reduced in the deficient glenoid and glenoid deformity may not need to be corrected. Severely hypoplastic glenoid may require the use of bone-sparing glenoid components or reverse total shoulder arthroplasty.
T he rate of total shoulder arthroplasty (TSA) continues to increase in the United Sates, with approximately 20,000-25,000 surgeries performed annually and doubling in frequency approximately every 7 years.
1 Osteoarthritis (OA) remains the most common indication for shoulder replacement, and in 95% of these patients, shoulder arthroplasty is associated with pain relief, improved function, and patient satisfaction. 2 Although implant survivorship is estimated to be >85% at minimum follow-up of 15 years for most commonly used prostheses, 3 a meta-analysis of long-term studies demonstrated the revision burden to be approximately 7%. 4 Glenoid component failure (ie, aseptic loosening) is the most common complication following shoulder replacement and accounts for most unsatisfactory results. 2 Factors that contribute to component loosening include altered joint reaction forces, component malposition, and insufficient bony support of the implanted glenoid prosthesis.
ing increases stress forces across the component and is a common reason for failure. In their analysis of 80 successful and 53 failed TSAs, Moskal et al 5 found no instances of associated glenoid malversion among the successful replacements. However, 46% of the failed TSAs were found to have glenoid component malversion. Shapiro et al 6 demonstrated that placement of the glenoid in 15°of retroversion significantly decreased the glenohumeral contact area (P < 0.0002), increased contact pressures (P < 0.0002), and decreased inferior and posterior glenohumeral forces (P < 0.02 and P < 0.03, respectively), in cadaver specimens. This raises concern for longterm component viability. Farron et al 7 used finite element analysis to evaluate torque at the cement-bone interface with increasing degrees of glenoid retroversion. They reported an increase in micromotion at the cement-bone interface of >700% and stress increase of 326% with component retroversion >10°. The authors concluded that glenoid retroversion >10°should be corrected and that, if version correction is not possible, the surgeon should consider not performing glenoid resurfacing. Although controversy remains regarding the effect of glenoid malversion on implant longevity, the reported basic science and clinical literature to date support restoration of normal glenoid version as a means of improving component durability. [2] [3] [4] [5] [6] [7] Glenoid bone loss has been shown to contribute to glenoid component malpositioning and loosening secondary to inadequate bone support and incomplete component seating. 7, 8 In addition, the use of asymmetric reaming to manage glenoid bone loss results in reduced amount of bone remaining for fixation, which puts the patient at risk of glenoid vault penetration. Unrecognized cortical penetration can result in cement extrusion. In addition, unless the fixation device (ie, peg, screw, flute, keel) gains purchase of the perforated vault, the initial fixation is likely to be compromised. Uncorrected bone loss may also result in insufficient seating at the periphery of the glenoid component, creating the potential for eccentric loading of the implant and increased stress levels at the implant-bone interface.
OA alters glenohumeral biomechanics and modifies the anatomic features of the glenoid. Over time, these changes result in increased peripheral glenoid contact stresses and posterior glenoid bony erosion, leading to increasing glenoid retroversion and posterior decentralization of the humeral head from the socket. These findings are common in glenohumeral OA and are seen in up to 40% of patients with advanced disease. 9 These anatomic changes add to the technical difficulty of correct glenoid component implantation and affect the longevity of the implant.
In 1999, Walch et al 9 examined 113 axillary CT scans of arthritic glenoids and developed a classification system based on wear patterns and version (Figure 1 ). This classification has become the most commonly used to describe glenoid morphology. Type A glenoid morphology, which was seen in 59% of patients, consisted of a centered humeral head in the socket, with average glenoid retroversion of 11.5°. These patients were subclassified by degree of glenoid erosion, whether minor (A1) or major (A2). Type B, the next most common glenoid morphology, was associated with posterior subluxation of the humeral head and asymmetric joint force distribution. Type B1 morphology is characterized by a narrowed posterior joint space and lack of posterior erosion. Type B2 is characterized by posterior erosion and an associated biconcave appearance ( Figure 2 ). Type C glenoid is hypoplastic, with retroversion >25°.
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Preoperative Evaluation
Preoperative planning is essential to manage bone deficiencies and deformity correction in TSA. Although plain radiographs continue to be the standard diagnostic modality, multiaxial 3D imaging has enhanced the interpretation of bony architectural changes associated with shoulder OA. In patients with posterior erosion, CT provides the most definitive evaluation of glenoid version, vault anatomy, and severity of bone loss. [10] [11] [12] [13] This assessment is helpful in determining whether the use of a standard glenoid prosthesis is feasible or glenoid augmentation is required.
Standard radiographs are necessary for preoperative planning. AP, transscapular lateral, and axillary lateral views should be obtained. The AP radiograph, which is often performed in internal and external rotation, is used to assess bone quality, note the presence of osteophytes, and determine the diameter of the humeral canal. The axillary view provides information on posterior glenoid wear and subluxation. However, the axillary view has been shown to overestimate retroversion in up to 86% of patients. 12 Early descriptions used CT scans to accurately characterize the anatomy and version of both nonarthritic and arthritic glenoids.
12-14 Friedman et al 13 were the first to use CT to characterize the association between glenoid retroversion and OA. They introduced a method to calculate glenoid version using the transverse axis of the scapula, defined as a line drawn from the tip of the medial border of the scapula to the midpoint of the glenoid fossa. Randelli and Gambrioli 14 also proposed a CT scan of a type B2 glenoid. Note the biconcave glenoid surface and approximately 50% posterior subluxation of the humeral head.
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Glenoid Bone Loss in Primary Total Shoulder Arthroplasty: Evaluation and Management technique that uses the scapular body line to calculate glenoid version. In both of these methods, a line drawn perpendicular to the axis along the glenoid surface was defined as neutral version, and the angle from either the posterior margin or the anterior margin of the glenoid defined the native version (retroversion and anteversion, respectively) ( Figure 3 ). More recently, Rouleau et al 15 characterized the glenoid surface with eccentric wear using three new reference lines: the paleoglenoid (original glenoid surface), intermediate glenoid (line from anterior and posterior edge), and neoglenoid (posterior erosion surface) ( Figure 4 ). These authors determined that the combination of the Friedman method and the intermediate line provide the most reliable determination of glenoid version in the presence of posterior wear. However, although CT is the most accurate modality with which to assess glenoid version, measurements of version have been shown to vary by as much as 10°with only minor changes in scapular rotation in the coronal plane. 16 Recent work has demonstrated the value of 3D CT to accurately characterize glenoid morphology compared with standard two-dimensional CT.
10,11 Scalise and colleagues 10, 11 have published extensively on the utility of 3D CT in preoperative planning and have developed software to estimate physiologic glenoid version in patients with severe OA and deformity with a glenoid vault model. At our institution, 3D CT is ordered for patients with radiographic evidence of combined glenohumeral subluxation and posterior glenoid erosion. Three-dimensional reconstruction with humeral or scapular subtraction is useful to further characterize bony anatomy in cases of severe deformity and can provide a template to fabricate a reference model for preoperative planning and intraoperative use.
Eccentric Reaming
The goals of glenoid resurfacing include correction of version and provision of adequate bone to support the implant. The most common method to correct version involves eccentric reaming of the anterior glenoid to the level of the posterior surface to recreate glenoid version and re-center the humeral head. This technique effectively creates a new neutral articulation between the glenoid implant and the humeral implant, with the aim of providing congruent contact between the bone and the glenoid prosthesis ( Figure 5 ). Cannulated reaming systems allow placement of a guide pin to assess planned version correction before reaming. These have become popular to help guide reaming in the correct version.
Although eccentric reaming is commonly used to address minor changes in glenoid version, there are no clear guidelines regarding the amount of glenoid erosion that can safely be corrected with this method. Severe retroversion requires the removal of increasing amounts of anterior bone, thereby creating a more severe glenoid deficiency. This can lead to insufficient version correction and placement of the glenoid component in residual retroversion. The importance of version correction was demonstrated by Lazarus et al, 17 who reported that insufficient version correction was the most common cause of poor seating of the glenoid component in their series. Additionally, extensive removal of glenoid bone may jeopardize component stability, leaving inadequate bone stock to support the implant. Removal of bone also effectively medializes the glenohumeral joint line, thereby altering both glenohumeral biomechanics and soft-tissue tensioning. Although humeral lateralization may be improved by increasing the size of the humeral head, the effect of increased humeral component size is unknown.
Several studies have attempted to investigate limits to eccentric reaming for posterior glenoid erosion. Clavert et al 18 eccentrically reamed five cadaver shoulders to create glenoid retroversion of ≥15°and implanted a four-pegged glenoid component in each. Subsequent CT scans of the shoulders demonstrated peg penetration in all specimens which, in theory, limits the cement mantle around each peg and may be a factor in glenoid component loosening. Ultimately, the authors concluded that retroversion ≥15°cannot be corrected with eccentric reaming. In another cadaver study, Gillespie et al 19 simulated posterior glenoid wear in 5°increments, then eccentrically reamed to neutral and implanted pegged glenoid components. In four of the eight specimens, placement of a glenoid prosthesis was not possible after correction of 15°retroversion secondary to inadequate bone stock and peg penetration. A 20°defor-mity was not correctable in six specimens. These authors concluded that eccentric reaming to correct posterior wear >15°has only a 50% chance of successful correction by eccentric reaming and that instead, bone grafting should be considered to address this defect.
Nowak et al
20 used 3D models created from CT scans of patients with advanced glenohumeral OA to simulate asymmetric reaming and resurfacing in varying degrees of glenoid retroversion. They used an in-line three-peg glenoid component as the resurfacing implant. Correction of glenoid retroversion <12°did not result in vault penetration. However, all glenoids with retroversion >18°d emonstrated component peg penetration. Ultimately, results from this study demonstrate that advancing degrees of retroversion beyond 12°, and all of those over 18°, may not be amenable to correction by eccentric reaming.
Clinical results of TSA following asymmetric reaming are limited. Habermeyer et al 21 prospectively studied a cohort of patients undergoing TSA to address posterior glenoid wear. In all cases, the humeral head was maintained in a recentered position following surgical correction of glenoid alignment in the transverse plane and soft-tissue balancing. Gerber et al 22 reported that eccentric reaming resulted in correction of posterior humeral subluxation in 21 of 23 patients (91%). No correlation was found between the ability to recenter the humeral head and the degree of preoperative glenoid version or correction.
Several cadaver and clinical investigations have demonstrated the effectiveness and safety of computer navigation in improving measurement of version intraoperatively.
23- 25 Kircher et al 24 reported improved version correction using computer navigation in a prospective, randomized clinical trial. Version correction from 15.4°to 3.7°was achieved with navigation, whereas correction without navigation resulted in improvement from 14.4°to only 10.9°. No follow-up outcome data were ob- 
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Glenoid Bone Loss in Primary Total Shoulder Arthroplasty: Evaluation and Management tained; however, the use of navigation appears to improve glenoid positioning and provides immediate, objective measurements of glenoid version.
Eccentric reaming to correct version is a common and useful surgical option. However, there are limitations to the degree of version that may be appropriately corrected.
Posterior Bone Graft
Bone grafting provides a biologic solution in cases of substantial bone loss that prevents adequate version correction or secure seating of a glenoid component. Indications for bone grafting include uneven wear that cannot be accommodated by small changes in glenoid or humeral component version, insufficient bone volume to support the glenoid component, >15°of retroversion, and potential penetration of the glenoid vault after version corrections. [26] [27] [28] Advantages of bone grafting in the setting of posterior bone deficiencies include preservation of anterior glenoid bone stock and maintenance of a more normal joint line that avoids altered joint kinematics secondary to shortening of the glenoid vault. Additionally, theoretically, bone grafting provides a permanent restorative solution to glenoid bone loss. Disadvantages include graft dissolution, nonunion, fixation failure, and shift leading to settling. Additionally, bone grafting is technically difficult and not reproducible as a result of high variability with graft contouring.
Multiple grafting techniques have been described, with varying results. Three retrospective reviews in the literature have reported the results of bone grafting for eccentric glenoid wear, with incidence rates ranging from 3.3% to 16% of primary shoulder arthroplasties. 26 reported less favorable results in their series of 28 patients who underwent bone grafting for eccentric wear; however, this study included patients with instability. Fifteen patients (54%) demonstrated some degree of radiographic lucency, and three glenoids were radiographically loose at an average follow-up of 5.3 years (range, 2 to 11 years). Despite these findings, patient satisfaction was similar to that reported by Neer and Morrison. 26 In the most recent series, Hill and Norris 28 reported on 17 shoulders that required bone grafting secondary to anterior or posterior instability. In this challenging patient population, there were five glenoid failures requiring revision as a result of instability (two patients), one recurrent rotator cuff tear, one improper placement of glenoid component, and one glenoid failure. These complications occurred within 2 to 91 months of the initial surgery. Nine of 17 shoulders were stable after bone grafting (53%), with a similar distribution for functional satisfaction.
Illustrations of eccentric reaming to create a neutral articulation between the bone and glenoid prosthesis. A reamer in the neutral position is used to ream down the high side (A) to create a perpendicular articulating surface that can accept the glenoid implant (B). Although version can be corrected, the glenoid is medialized, and the width of the remaining glenoid bone becomes narrower following the removal of anterior bone. At our institution, bone loss >10 to 15 mm as measured on axial CT scans is an indication for bone grafting. Ideally, the native osteotomized humeral head can be used as a structural graft. There are no current published investigations regarding this technique; however, we have found utilization of the native humeral head to be very useful as it is typically structurally sound and essentially precontured to match the glenoid defect. The center of the glenoid can be identified with the help of specialized cannulated sizer disks. Using these disks, a centralized guide-wire is drilled perpendicular to the neutral glenoid axis, which allows for version correction through limited reaming of the high side of the glenoid. The deficient side is then lightly prepared with a burr to expose a bleeding surface to receive the bone graft. The graft is contoured to fit the defect and placed with the articular side (ie, subchondral bone) facing the glenoid. The curvatures typically closely match because the native humeral head is accountable for creating the defect. The graft is temporarily fixed with small Steinmann pins, which are replaced with countersunk 3.5-mm screws positioned to avoid glenoid implant pegs. The graft contour is then further refined with a burr, and the holes are drilled for glenoid implantation. Trial glenoid implantation is essential to ensure secure seating and fit of the glenoid prosthesis to the bone.
Augmented Glenoid Component
New prosthetic solutions to glenoid bone loss have been driven by limitations in other options, such as demonstrated lack of durability and early glenoid failure in patients with eccentric wear. 29, 30 Although augmented components with a fixed polyethylene buildup theoretically may ensure more reliable restoration of the joint line, the mechanical properties of polyethylene in this setting are unknown.
Although the concept of glenoid component augmentation is not new, there is a paucity of data on its efficacy. Neer et al 31 initially presented an augmented glenoid component consisting of a sloped posterior buildup. However, description of this device was limited, and we are unaware of any results on its use. Rice et al 30 reported on their results using a Cofield 2 keeled all-polyethylene augmented glenoid (Smith & Nephew, Memphis, TN), which was implanted in 14 shoulders with OA and associated posterior glenoid deficiency. This augmented component provided version correction of approximately 4°. Despite satisfactory midterm pain relief and functional outcome, use of this component was discontinued as a result of persistent instability.
Other augmented glenoid components have been recently introduced, such as the Global Steptech APG (DePuy, Warsaw, IN) and the Posterior Augment Glenoid (Exactech, Gainesville, FL). These offer an alternative to asymmetric reaming and bone grafting ( Figure 6 ). The longterm clinical performance of these augmented components has not been evaluated.
Dysplastic Glenoid
Walch et al 9 defined type C glenoid morphology as glenoid retroversion of >25°regardless of the degree of erosion. This is most commonly associated with congenital or dysplastic development. Normal glenoid fossa development occurs from proximal and distal ossification centers. 32 Incomplete ossification of one or both of these centers may cause underdevelopment of the posterior and inferior cartilaginous glenoid and neck of the scapula. 33 Although glenoid dysplasia is thought to be rare, reports indicate that it may be more common than previously speculated. 
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Glenoid Bone Loss in Primary Total Shoulder Arthroplasty: Evaluation and Management eral museum collections representing several different ethnic populations. He found localized hypoplasia of the posteroinferior glenoid in 20% to 35% of specimens. Even so, a direct link between glenoid dysplasia and secondary development of glenohumeral OA has not been established. Edwards et al 35 reported that only 3.5% of patients with primary OA undergoing TSA were found to have glenoid dysplasia.
Although excessive glenoid retroversion is characteristic of the dysplastic shoulder, the humerus and surrounding soft tissues appear to adapt to the glenoid morphology, thereby allowing the humeral head to remain centered in the retroverted socket. That is, even though the center of the humeral head lies posterior to the scapular plane, it is contained within the anterior and posterior confines of the glenoid surface (Figure 7) . This important feature distinguishes the hypoplastic glenoid from the biconcave (type B2) glenoid, which is associated with extensive glenoid bone erosion and posterior humeral head subluxation with respect to the glenoid surface. Posterior glenoid erosion was minimal in one series of 15 patients with OA and dysplasia. 35 Additionally, these patients had developed posterior soft-tissue hyperplasia that seemingly prevented posterior subluxation. During glenoid preparation, the investigators reamed to the native glenoid (ie, no eccentric reaming) and made no attempt to correct version or augment posterior soft tissue. At our institution, the posterior capsule is also preserved in such cases as a checkrein to posterior displacement of the humeral head.
Although there are limited reports on surgical treatment in symptomatic patients with dysplastic glenoids, shoulder arthroplasty has been shown to be a viable option. 35, 36 Edwards et al 35 reported significant improvement in outcome following arthroplasty, including increased pain relief, motion, and function. In cases of severe dysplasia, the amount of bone available for fixation may be inadequate for standard fixation options. In these patients, the use of an inset bone-sparing glenoid component with a single, short peg may be helpful to avoid cortical penetration. 29 Complete correction of version in dysplastic glenoids can result in substantial loss of internal rotation as a result of excessive tensioning of posterior tissues. Unlike the type B2 glenoid, the dysplastic glenoid is associated with minimal posterior subluxation of the humerus and, therefore, the posterior tissues are not excessively lax. Thus, aggressive version correction can place tension on the posterior soft tissues and limit the ability of the humerus to rotate internally. However, partial correction may be attempted to restore native retroversion if the humeral head has eroded into the posterior glenoid. In sedentary persons and elderly persons (aged >70 years), placement of reverse TSA, which is a more constrained device, may be considered to stabilize the glenohumeral joint.
In cases in which bone erosion or version is too significant to allow placement of a glenoid component, replacement of the humeral head without glenoid resurfacing has been shown to result in acceptable outcomes, even in young patients. 37 The criteria used by Edwards et al 35 for glenoid resurfacing was ≥15 mm of glenoid bone depth on axial CT. These investigators found that patients who underwent hemiarthroplasty still had significant improvements in pain scores and functional measures. A recent investigation by Bonnevialle et al 37 reported marked improvement in pain scores, function, and outcome measures at a minimum 2-year follow-up in nine patients treated with hemiarthroplasty for dysplasia. The authors concluded that hemiarthroplasty is a reliable management option for this patient population. Glenohumeral arthritis secondary to glenoid dysplaAxial CT scan (A) and sagittal three-dimensional CT reconstruction (B) of a dysplastic glenoid. Although this glenoid is in >35°of retroversion, it remains contained within the anterior and posterior confines of the glenoid surface. This finding distinguishes the morphology of the dysplastic glenoid from the type B2 glenoid, in which the humeral head lies subluxated posteriorly and the glenoid has a biconcave appearance. sia appears to be relatively uncommon, but it may be effectively managed with TSA or hemiarthroplasty with limited correction of the natural version of the glenoid.
Summary
Advanced glenohumeral OA is associated with increased glenoid retroversion, posterior erosion, and glenoid bone loss. Surgical resurfacing of the glenoid requires correction of these anatomic alterations to allow placement of the implant in nearneutral version with adequate bony structural support. This is done in an effort to avoid early failure of the replacement. Selection of surgical technique depends on the severity of deformity and the degree of bone loss. Typically, minor changes in version and limited bone loss can be adequately corrected with eccentric reaming of the glenoid to neutral or near-neutral version. However, extensive glenoid bone loss may require augmentation with either bone graft or specialized glenoid implants to restore version and support glenoid component implantation. Extensive bone loss may make glenoid resurfacing impossible.
Glenoid bone loss is a challenging problem that is commonly encountered with the osteoarthritic glenoid. Appropriate assessment and correction are critical for long-term outcomes following TSA. Further research is necessary to determine the most effective approach to glenoid management in these difficult cases.
